When intact plants of Xanthium strumanium L. were water stressed, the youngest leaves accumulated the highest levels ofabscisic acid (ABA).
The highest levels of ABA in vegetative tissues are found in immature leaves and buds (e.g. 14, 22, 24, 25) . This difference in ABA content could be the result of (a) a higher capacity for ABA synthesis in young leaves than in mature ones, or (b) translocation of ABA with the assimilates from mature source leaves to the young sink tissues. This latter possibility is a real one, since ABA is known to be present in sieve tube sap (e.g. 14, 16, 18, 25) . The most direct approach to this question would be in vitro studies on the ABA-synthesizing capacity in extracts from leaves ofdifferent ages. Since such a system is not available at present, only indirect approaches can be used to study this problem.
In this paper we report on the effects of water stress on the ABA levels in Xanthium leaves of different ages that were detached, or left on the plant. To from turgid or stressed Xanthium for the presence of ABA, PA,2 and ABA-GE. Additional studies on the uptake and movement of radioactive ABA and the neutral conjugate ABA-GE were carried out with Ricinus (25) .
MATERIAILS AND METHODS
Culture of Plant Material. Xanthium strumarium L., Chicago strain, and Ricinus communis L. cv gibsonii, were grown in a greenhouse under the same conditions as described before (27) . Experiments on transport of radioactive substances, as well as collection of phloem exudate from Ricinus, were carried out in a walk-in growth chamber maintained at 23°C, and with a photoperiod of 20 h, consisting of 12 h of high intensity light from fluorescent tubes (FR96T12/CW/VHO/135) and 40-w incandescent lamps (total irradiation 12.5 ;&w cm 2), followed by 8 h of incandescent light (3 '4w cm-2) only (27) . Detached leaves or whole plants were water-stressed as described before (27) . Leaf blades of different sizes (ages) were numbered successively from the tip downward and grouped according to the length of the midrib (22) .
Application of Radioactive Materials to Leaves. Just fully expanded Xanthium leaves were rubbed with a slurry of Silicon carbide, starting 2 to 3 cm from the base ofthe leafon both sides of the midrib. The slurry was thoroughly rinsed off with distilled H20 and the leaf surface dried. A square of about 2 x 2 cm of the rubbed area was walled off with lanolin. The radioactive solution in 0.1 ml of solvent was pipetted within this area. To prevent rapid evaporation ofthe solution, the area was sealed off with a piece of Saran wrap, or with a microcover glass. The procedure for Ricinus was the same, except that the area of application was located over the midrib 4 cm from the implantation of the petiole. (19) . After rinsing with distilled H20, the petioles were placed in beakers with distilled H20 in darkness at 23C and high RH for periods ranging from 12 to 24 h. A total of 5 or 6 mature leaves were cut from each plant, and 20 leaves were combined in a 250-ml beaker with a 1-cm layer of EDTA or water. In some experiments the exudate was frozen and lyophilized to determine the dry weight. In other experiments the exudate was analyzed immediately and small aliquots were kept for sugar analysis (25) .
After the leaves had been detached and placed in EDTA solutions, the stems were cut above the cotyledonary node for collection of xylem exudate. 10 plants, were hung in a 400-ml beaker placed in ice to cool the exudate. After the exudates had been collected, they were filtered through Whatman No. 1 paper. Two different methods were used to concentrate the exudate. In method 1, the exudates were acidified with phosphoric acid and pumped through a stainless steel column (24 x 0.9 cm) packed with Bondapak C18/Porasil. ABA and its metabolites were eluted by pumping 50 ml 95% ethanol through the column. In method 2, the exudates were acidified with HCI to pH 2.5 and passed through charcoal columns (Celite/charcoal Darco G-60, 2:1, w/w). ABA and its metabolites were eluted with 60% acetone. In both procedures the eluates were evaporated to the aqueous phase which was frozen and lyophilized. The residue was then analyzed by HPLC for ABA, PA, and ABA-GE (4, 26, 27 (25) . When translocation of radioactive ABA was studied, cuts were made in the stems of two or three plants. Once the sap started to flow from one of the incisions made in the stems, radioactive material was applied to the leaf implanted above that incision. Exudate was collected in capillary pipettes and transferred to preweighed scintillation vials. After weighing, the solutions were frozen and lyophilized. Total solids were 12% of the wet weight. The material was redissolved in 0.4 ml water and the radioactivity determined by liquid scintillation counting.
Exudates collected over longer periods were acidified with acetic acid to pH 2.8, and purified via Sep-Pak C18 cartridges (27) . The 40% ethanol eluates were concentrated to the aqueous phase, frozen, and lyophilized. Further analysis was by TLC as described above. Zones of 1 cm were scraped off the plates and the radioactivity was determined by liquid scintillation counting. General Procedures. Leaves and petioles were extracted and analyzed for ABA and its metabolites as described (4, 27 (27) . All data in this paper have been corrected for recovery losses. Quantitation of the methyl esters of ABA and PA, and of the tetraacetate ofABA-GE was by GLC electron capture detector as in previous work (4, 27) .
Results obtained with leaf blades and petioles are expressed per g fresh weight, except in the experiment of Figure 1 in which the leaves wilted on the plants and the results have been calculated per g dry weight. Since for Xanthium leaf blades the dry weight is 16% to 17% of the fresh weight (22) , the data in Figure   1 must be divided by approximately 6 for conversion to Ag/g fresh weight.
All experiments were repeated at least two times with similar results.
RESULTS Accumulation and Transport of ABA and PA in Xanthium.
The ABA content of Xanthium as exprssed per unit weight is highest in the youngest leaves (22) . This is clearly demonstrated (27) . Upon reliefof stress, the ABA-GE level remains constant, so that it was suggested that this conjugated form of ABA is not redistributed in the plant via phloem translocation (27) . To study this problem further, a group of40 Xanthium plants was subjected to five stress-recovery cycles to induce a high ABA-GE level before phloem exudate was collected. At the end of the exudation period, leaf blades and petioles were also harvested and analyzed. As expected (27) , leaf blades had a high level of PA and ABA-GE, and a low ABA content (Table IV) . In petioles, the levels of all three compounds were much lower than in the leaf blades. The phloem exudate had a high PA content, and also contained ABA-GE. Although this ABA-GE was not identified by MS, there is little doubt about its chemical nature, since it was first identified by GLC of the tetraacetate (4), and then as free ABA following alkaline hydrolysis. The main question is whether the exudate was contaminated with ABA-GE that did not originate in the phloem ofthe petioles (see "Discussion").
Transport Studies in Ricinus. To further study the uptake and movement of labeled ABA, use was made of Ricinus communis from which phloem exudate can be collected quite readily. It is known that in this plant ABA and its metabolites PA and DPA move in the phloem (25) . Application of (±)-[3HJABA to a mature Ricinus leaf resulted in detection ofthe first radioactivity in the phloem exudate collected from the stem during the 20-to 30-min collection period (Fig. 2) . Thus, the distance of 39 cm between the site of [3H]ABA application and the site ofcollection was traversed in 30 min. This gives a velocity of 78 cm/h, which clearly indicates movement in the phloem. Exudation remained fairly constant over a 200-min period, whereas the radioactivity peaked between 150 and 180 min (Fig. 2) . In several experiments of this type, on the average of 5% of the radioactivity applied to the leaf was collected in the phloem exudate from the stem over a 3-h period.
It was of further interest to determine in which chemical form the radioactivity in Ricinus exudate was present. For this purpose, exudate was collected over four successive 1-h periods and polar compounds which consisted mainly of sucrose (25) , were removed via Sep-Pak C,8 cartidges. The purified samples were then fractionated by TLC and the radioactivity determined by liquid scintillation counting of the zones scraped off the plates. The results in Figure 3 demonstrate that initially the bulk of radioactivity was associated with ABA, but in later collections radioactivity also appeared in two zones which co-chromatographed with PA and DPA. This raised the question whether ABA-GE in Ricinus. So far, only the translocation of ABA and the acidic metabolites PA and DPA has been considered. In addition, most plants also accumulate ABA-GE (4) . This neutral conjugate was identified in extracts from Ricinus leaves (Table  V) . Free ABA and ABA-GE showed the-opposite trend with respect to leaf age: ABA decreased with age, while ABA-GE increased in older leaves. Accumulation in older leaves suggests little or no export of ABA-GE from leaves. Indeed, no ABA-GE could be detected by GLC (4) in 3.1 ml phloem exudate from a turgid Ricinus plant; this exudate contained per ml: 0.6 ug ABA, 0.7 ug PA, and 0.5 ,g DPA. We also failed to detect any ABA-GE in phloem exudate from stressed Ricinus plants. It appears, therefore, that endogenous ABA-GE is not translocated in the Figure 4 , most of the radioactivity co-chromatographed with free ABA, while in later collections there was also some label present in PA and DPA, but none in ABA-GE. This indicates that part of the (±)-[3H]
ABA-GE was hydrolyzed before it entered the phloem and was translocated out ofthe leafas free ABA. Thus, in Ricinus, neither endogenous nor applied ABA-GE is translocated in the phloem.
DISCUSSION
The ability to accumulate ABA in response to water stress was highest in the mature leaves and decreased in younger leaves (Table I ). The magnitude ofthis difference was much larger than in previous work (22) . In the present investigation, slightly younger leaves were used than before. However, the main reason for the discrepancy appears to be the shorter duration of the stress period, 3 h or 80 min (22) , which is too short to reach the maximum ABA level (26) .
The most likely explanation for the contrast in ABA accumulation between detached (Table I) (18) . The ABA concentrations ranged from 0.1 ,ug/ml in turgid plants (18) to 20 ,g/ml in plants under stress ( 16) .
The ABA concentration in xylem exudate from Xanthium falls within the range reported for various woody species (2, 7, 8) . In stressed sunflower plants, ABA in xylem sap collected from root systems increased with time from about 2 to 40 ng/ml. Hoad (15) concluded that this ABA had its origin in the leaves. Our observations, that radioactive ABA and PA were present in xylem sap after application of [3HJABA to mature leaves, support this conclusion. Lateral transfer of ABA from phloem to xylem obviously must have taken place in the roots.
In the present study, the concentrations of the metabolite PA in phloem and xylem exudate were found to be higher than those of ABA, particularly after stress (Table II) . This would be expected, since PA, like ABA, is acidic, and accumulates in Xanthium during and after water stress (27) . ABA-GE, which is also a major metabolite of ABA in Xanthium (27), could not be detected in phloem and xylem exudate from nonstressed plants. After several stress-recovery cycles, ABA-GE was measurable in the phloem exudate (Table IV) . However, it is not certain that this ABA-GE had its origin in the phloem. Compared to Perilla (19) and Phaseolus (1 1), the yield of phloem exudate obtained from Xanthium by the EDTA technique was low. It is possible that EDTA treatment of the petioles caused some damage, resulting in leakage from tissues other than the phloem. This could be the source of the ABA-GE found in phloem exudate, since petioles ofstressed leaves had a fairly high ABA-GE content (Table IV) . Furthermore, the levels of PA and ABA-GE were approximately equal in the leaves (Table IV) , whereas the exudate contained lOx more PA than ABA-GE. In phloem sap collected from Ricinus, no ABA-GE was detected, although the conjugate was present in the leaves (Table V) (5, 6, 9) . Since the pH of the phloem sap of Ricinus is in the range of 7.4 to 8.0 (25), ABA will be taken up from the more acidic apoplast (5) into the alkaline sieve tubes, and subsequently be removed from the leafalong with the assimilates. There is, therefore, no need to postulate an active loading mechanism for ABA into the phloem. Ackerson (1) has demonstrated that part of the stress-induced ABA in cotton leaves moves into the apoplast. Assuming that this is a general phenomenon and also applies to PA, it would explain the high concentrations of ABA and PA measured in phloem sap of stressed plants (see above). In this context, the results obtained with cell suspension cultures of Lycopersicon peruvianum are of interest: after application of ['4C]ABA, radioactive PA was formed and secreted into the medium; ABA-GE was produced in the cells, but never appeared in the medium (21) . In Ricinus, application of [3H]ABA-GE to leaves resulted in hydrolysis prior to uptake of free ABA into the phloem (Fig. 4). ['4C]ABA-GE was also rapidly hydrolyzed by cell suspension cultures of Lycopersicon (20) . The free acid appeared in the cells as well as in the medium after 20 min, but the conjugate was not detected in the cells until much later. It was suggested that hydrolysis took place at the cell membrane, the free acid then entered the cells, and some of it was conjugated again later (20) . In conclusion, these observations indicate that ABA-GE cannot enter cells without first being hydrolyzed. ABA-GE as such is therefore immobile in plants.
